Four bulking agents, pine shavings, mixed (long and chopped) grass hay, chopped grass hay and long (whole) wheat straw, were each mixed with pig slurry and tap water to obtain three moisture contents (MC) of 60, 65 and 70%. Quadruplets of each treatment were placed in laboratory composting vessels with a capacity of 105 l and a composting depth of 0Á95 m. Using the air plenum at the bottom of each vessel, air was forced at apparent velocities of 0-0Á002 m s À1 through each compost mass to measure the air static pressure drop across the compost mass as a function of apparent air velocity. Airflow resistance values were measured for compost depths ranging from 0Á55 to 0Á85 m. Following this test, all mixtures were aerated for 21 days of composting without overturning. The static pressure measurement procedure was then repeated on all quadruplet mixtures.
Introduction
Aeration is a key element in controlling the temperature regime and thus, the performance of any composting operation. Under aerobic conditions, microbes can rapidly degrade the available hydrocarbons releasing large amounts of energy to elevate the compost temperature to the thermophilic range. Aeration is further used to maintain the temperature for several days, between 55 and 658C. Higher temperatures will destroy the microbes composting the waste material, while lower temperatures will not stabilize the waste material. Waste stabilization is the most significant objective of composting because it reduces the incidence of parasites, pathogens and viruses. Aerobic conditions also reduce the amount of putrefactive odours released from the waste during its treatment. Furthermore, composting generally dries the waste material below 50% and eliminates the readily degradable hydrocarbons, thus producing a waste material unattractive to insects. Finally, aerobic conditions allow for a rapid treatment reducing the size and improving the efficiency of the composting unit.
The ventilation system used in the compost plant is, therefore, an important design element, and represents a significant cost. Airflow resistance parameters are required to design a composting ventilation system with sufficient capacity without being oversized. Relating air static pressure drop to airflow through the compost mass allows for the efficient design of the ventilation system whether it be passive (floor ducts) or active (ducts and fan system).
The objectives of this research were to measure and describe, using laboratory vessels, the static pressure drop of air flowing through compost materials. Four bulking agents were used as compost materials, pine shavings, a mixture of long and chopped grass hay, chopped grass hay and long (whole) wheat straw. These bulking agents were each mixed with enough pig slurry to obtain a C/N ratio of 20. Furthermore, each compost material was tested at three moisture contents, namely 60, 65 and 70%. The depth of the aerated compost ranged between 0Á55 and 0Á85 m. All mixtures (four bulking agents at three moisture levels) were tested in quadruplets for airflow resistance. Measurements were conducted on the fresh (2 h old) compost mixtures and after 21 days of composting.
Theoretical analysis
The pressure drop P through compost material has been expressed using an empirical equation with terms related to the physical properties of the material C p , its depth H and the apparent air velocity across its face V (Higgins et al., 1982) :
where apparent air velocity, V, is defined as the volumetric airflow rate divided by the cross-sectional area of the compost bed perpendicular to this airflow. Thus, C p is affected by the mixing regime, degradation and ageing of the compost (Higgins et al., 1982) . The coefficient j, exponent of H, was found to be 1Á0, for compost with over 40% dry matter and to be more than 1Á0 otherwise (Keener et al., 1987) . The coefficient n, exponent of V, is directly related to the porosity of the compost material (Saint-Joly et al., 1989) .
The coefficients C p , j and n have been measured for various compost materials (Table 1) . The coefficient C p was found to vary between 4 and 60 for sewage sludge and wood chip compost, while j and n ranged between 1Á05 and 1Á47 and between 1Á48 and 1Á74 (Higgins et al., 1987; Keener et al., 1987) . For cage layer and sawdust or maize cob compost, the value for C p ranged between 0Á556 and 2Á554, while j was 1Á0 and n ranged between 1Á23 and 1Á82 (Keener et al., 1987) . For cattle manure, values of 0Á3-104Á1 were measured for C p H j and 0Á83-2Á15 were measured for n (Saint-Joly et al., 1989) . The value of C p H j increased as n increased (Keener et al., 1987; Saint-Joly et al., 1989) .
Pressure drop across a layer of compost can also be expressed according to the Hagen-Poiseuille equation (Geankoplis, 1978) , describing the airflow across a packed bed under conditions of laminar flow:
where P l is the pressure drop across the bed depth under laminar flow in Pa, C l is a dimensionless laminar airflow channel or pore length correction factor applied to H, and having a value of 2 for a packed sand bed with a porosity of less than 0Á5, m is the viscosity of air in Pa s, e is the dimensionless void ratio of the bed, S p is a dimensionless particle shape correction factor, and D p is the average diameter of the particles in the packed or compost bed in m. When the flow is turbulent, the pressure drop P t expression (Geankoplis, 1978) changes to
where f is a dimensionless friction factor, C t is a dimensionless turbulent airflow channel or pore length correction factor and r is the density of the air in kg m À3 . In packed beds, both laminar and turbulent flow can occur (Geankoplis, 1978) : where the first term applies to turbulent airflow in small pores (high Reynolds number) and the second term applies to laminar airflow in the large pores (small Reynolds number). Thus, pressure drop across a depth of compost can be expressed using either Eqns. (2) or (4), whether the flow is laminar or mixed (laminar and turbulent). Generally, the flow should be laminar, considering the relatively low airflow required. Barrington et al. (1997) successfully obtained compost temperatures of 658C, using a maximum value for V of 0Á0002 m s À1 . Similarly, the aeration of grain beds, demonstrates laminar flow (exponent for V of 1Á0) under aeration velocities of up to 0Á02 m s À1 (ASAE, 2000) . The parameter V demonstrates an exponent of 2Á0 only for beds of large particles (ear maize) exposed to velocities over 0Á10 m s À1 . For small grains (wheat and maize) exposed to apparent aeration velocities above 0Á02 m s À1 , the parameter V has an exponent between 1Á0 and 2Á0, indicating that some pores are under laminar flow while others are under turbulent flow. Furthermore, the parameters C t and C l vary with the type of material.
The empirical expression, Eqn (1), is similar to Eqns (2) and (4), when considering the value of the exponent n (Table 1) . A value of 2 indicates a completely turbulent flow, while a value between 1 and 2 indicates laminar and turbulent flow, and a value of 1 indicates laminar flow. As it may be difficult to separately and experimentally design both C l and S 2 p , Eqn (2) can be redefined using
where L is a dimensionless coefficient characterizing the airflow channels of the composting material.
Materials and methods

The experimental material
The bulking agents used were a mixture of 33% long (unchopped) grass hay and 67% chopped grass hay, 100% chopped grass hay, long (unchopped) wheat straw and pine shavings. The pig slurry used to adjust the C/N ratio of the bulking agents was obtained from the pig fattening house of the Macdonald Campus farm of McGill University (Table 2) . Soya beans were added to the pine shavings for a C/N of 20. Urea was initially tested as nitrogen supplement, but was not used as it would increase the pH of the mixture above 9Á0. The pH, Note: The ratio is expressed in terms of bulking agent mass over wet sludge or manure mass; the coefficient and exponents apply to Eqn (1).
COMPOST AIRFLOW RESISTANCE moisture content (MC), total nitrogen (TN), total carbon (C) and dry particle density of the experimental materials were measured prior to starting the tests (Table 3 ). The particle size distribution for all the experimental materials is illustrated in Fig. 1 .
The three moisture contents, 60, 65 and 70%, were tested in quadruplets for each bulking agent and one bulking agent was tested at any one time. Tap water was used to obtain the desired MC for all compost mixtures, and its quantity varied among bulking agent tests, to obtain the required moisture content. The 70% MC corresponded to the maximum amount of humidity capable of being held by the bulking agent while the 60% MC corresponded to the minimum MC at which composting can be carried out effectively.
The equipment
The tests were conducted using 12 identical 105 l cylindrical plastic vessels, 0Á95 m high and 0Á40 m in diameter (Fig. 2) . Each container was insulated with 100 mm of mineral wool for a thermal resistance value of 2Á5 m 2 8C W À1 . An air plenum, 100 mm in height, was created at the bottom of each container using a supporting metal wire mesh. Before conducting the test, the volumetric capacity of the experimental vessels was determined as a function of depth by gradually filling with a known volume of water.
The air plenum under the compost had two perforations, each equipped with a tube. One perforation was used to inject air and the other was connected to a manometer tube to measure the static air pressure. Caulking was used around each connection for air tightness. Air was supplied by a pressurized air tank connected to a compressor unit. All static pressure readings were conducted with a vertical Dwyer micromanometer with an accuracy of AE0Á062 Pa.
The method
One test was conducted for each of the four bulking agents. For each test, 12 compost vessels were filled to give three levels of moisture tested in quadruplets ( Table 2 ). The bulking agent was sampled and analysed before each test. The pig slurry could not be analysed ahead of time because of the significant loss in TN content during the 24 h required to carry out the analytical procedures. However, its composition changes only slightly from one test to another and an average MC, TN and C content could be assumed. Ash, % C, % Density, g ml
All analyses are reported on a dry weight (d.w.) basis; the value for the pig slurry is typical of the six tests; the C content was calculated from {(100% -ash (%))/183}; the values in parentheses are the standard deviations.
A 15 kg mass (d. b.) of bulking agent was mixed with the required amounts of pig slurry, water and amendment (soybeans for the pine shavings) to obtain a C/N ratio of 20 and a moisture content of either 60, 65 or 70%. The batches were prepared by weighing all ingredients on a scale with an accuracy of AE0Á1 kg, dumping the ingredients in a 400 l container and thoroughly mixing all ingredients manually. Then, the mixture was used to fill two experimental vessels. The procedure was repeated for all other treatments using the same amount of bulking agent and swine liquid manure, but with different amounts of tap water. The depth of compost in each vessel was recorded, and the volume, bulk density and air porosity of the fresh compost were determined.
Air pressure differentials with air velocity across the compost was measured 1-2 h after filling the experimental vessels. The top of the vessel was closed using an air-tight cap with a 5 mm orifice. Air was introduced into the plenum at different flow rates, while the air static pressure of the plenum P p and the top orifice velocity V o were measured. The pressure differential was calculated from the air static pressure in the plenum less that created under the cap, calculated from the orifice air velocity, using Bernoulli's principle:
where P c is the static air pressure under the vessel cap in Pa, r is the air density in kg m À3 and V o is the air velocity across the face orifice in m s À1 . The pressure differential across the compost mass was therefore calculated as
The orifice air velocity V o was measured using a hot wire anemometer glued to the centre of this orifice. The airflow rate across the compost was determined from the air velocity and the discharge coefficient C d of the vessel cap orifice. The value for C d was determined before the test, using an empty vessel. An airflow rate measured using a flow meter (0-12AE0Á1 l min À1 ) was introduced at 
and for V o above 2Á75 m s À1 :
After measuring initial airflow resistances, the mixtures were aerated at a rate of 2 l min À1 and composted for 21 days. The mixtures composted adequately, reached a temperature of 658C after 24-72 h and maintained this temperature for at least 3 days (Barrington et al., 1997) .
After 21 days of composting, the temperature of the mixtures dropped below 358C. Using the procedure described earlier, the air static pressure test was repeated for all vessels except that for the shavings, because of technical difficulties.
Analytical procedures
All compost materials were analysed using standard methods (APHA et al., 1995) . The moisture content was determined by drying at 1038C for 24 h. The pH was determined with a probe on 5 g of material soaked in 50 ml of distilled water for 24 h. The total Kjeldahl nitrogen (TKN) was determined by digesting the material with sulphuric acid at 5008C and measuring the NH 3 -N content at a sample pH of 13, using an NH 3 À sensitive electrode. The NO 3 -N content was determined by soaking a 5 g sample in 50 ml of distilled water for 24 h and measuring the level of NO 3 -N using an NO 3 À sensitive electrode. The ash content was obtained by burning each dried sample at 5008C for 4 h. The organic matter content was equated to the volatile portion of the burned samples and converted to C using a factor of 1Á83 (Castellanos & Pratt, 1981) . The particle dry density was measured by soaking in commercial grade kerosene and measuring the volume against the weight of the particles.
Statistical analysis
The air static pressure drop P in Pa for each test was related to the apparent air velocity V in m s À1 across the compost by applying the procedure of linear regression (Steel & Torrie, 1986) . Averaged from the quadruplets, the slope gave the value of ðHmÞð1 À eÞ 2 =ðD 2 p e 3 Þ in Eqn (2), while the intercept represents the amount of pressure required before any airflow can occur through the compost. The value for L was calculated from the known value of m, H, D p and e. The true value of D p was assumed to remain the same throughout the composting period (Geankoplis, 1978) .
The procedure for the analysis of variance with blocks representing the moisture levels was used to determine whether or not there was a significant difference between the values for the coefficient L obtained before and after composting and among the three MCs. Duncan's New Multiple Range Test was used to establish which treatment was significantly different (Steel & Torrie, 1986) .
Results and discussion
The air pressure differentials measured across the compost material for all four bulking agents and the three MCs are summarized in Tables 4-7. The pine shavings compost offered the least resistance to airflow despite its higher wet and dry bulk density. The chopped grass hay offered less resistance to airflow than the mixed grass hay. The long wheat straw compost offered the most resistance to airflow, especially at a moisture content under 67%.
The air static pressure drop for all fresh compost generally increased with MC, air velocity across the compost and age of the compost. For apparent air velocities under 0Á002 m s À1 , the pressure drop regression equations respected the laminar flow model [Eqn (2)] with coefficients of determination R 2 ranging from 0Á85 to 0Á97. The slope of the regression equation increased slightly with apparent air velocity, thus lowering the value of R 2 . This increase in slope value indicates that higher airflows were likely to change the size and geometry of the airflow pores, or that some pores were starting to experience turbulent air flow. All regression equations gave a zero Y-axis intercept.
The hay compost
The air static pressure drop for the chopped and mixed hay are summarized in Tables 4 and 5 . The value for L for the fresh low, medium and high MC compost was 10 500, 1800 and 900, while that for the 21-day compost was 10 000, 9000 and 11 400. As expected, the value for L was the same for the chopped and the mixed hay, for all MC and compost age, because both bulking agents had the same shape and created the same pore tortuosity.
Therefore, L for fresh hay compost can be expressed as Note: R 2 is for linear regression describing P; the regression equation for P is valid for the apparent airflow velocity V of 50Á0015 m À1 s; average compost diameter D p is 2Á0 mm. Note: R 2 is for linear regression describing P; the regression equation for P is valid for the apparent airflow velocity V of 50Á002 m s À1 ; average compost diameter D p is 3Á2 mm. where M is the moisture content of the compost expressed as a decimal. For the fresh compost, the initial MC had a significant effect on P, whereas after 21 days of composting, the MC had dropped and no longer exerted any significant effect (95% confidence level). Thus, overturning the compost during its fermentation stage is likely to reduce in pore clogging.
The whole wheat straw compost
The value of L, for the fresh low, medium and high MC straw compost was 5500, 2200 and 900, while that for the 21-day compost was 16 700, 10 600 and 3800. The value of L was in the same range as that for the hay, except that MC had a significant effect on the value of L after 21 days of composting. These higher values resulted from the more extensive decomposition and collapsing of the straw stems, as opposed to the hay stem which remained hollow after 21 days. Thus, the straw composted offered more airflow resistance after 21 days of composting, as compared to the hay compost.
Therefore, L for fresh straw compost can be expressed as
and for unturned 21-day-old compost from straw by
with a value for R 2 of 1Á0 in both cases.
The pine shaving compost
The value of L, for the fresh low, medium and high MC shavings compost was 2030, 760 and 260. The value for L was generally lower than that for the hay and the straw, likely because the shaving particles are more spherical in shape than the long tubular shape of the hay and straw. Thus, the airflow pores of the shaving compost are more regular in geometry. As for the hay and straw compost, the shavings compost demonstrated a value for L decreasing with increasing MC.
Therefore, L for fresh shavings compost can be expressed as
with a value for R 2 of 0Á94.
Conclusions
For apparent air velocities V o under 0Á002 m s À1 , the static air pressure drop P occurring in compost of hay, wheat and shavings can be described using a laminar airflow equation based on porosity, particle size distributution, depth and airflow channel characteristics of the compost material. These equations can be solved if the airflow channel coefficient L is known. This coefficient corrects the effective length of the airflow paths, based on the compost depth H, and the effective shape of the compost particles, based on an average particle diameter measured by sieving D for MC of 70-60%. Ageing increased the value of L for all composts. The loss of compost structure resulted from the blocking of pores and in the increase in the value of L. Overturning can help reestablish the material's structure and unclog the air pore channels. Compost material offers a value of L much higher than that experienced with the bed of packed granular material, as compost contains particles of an irregular shape, resulting in tortuous airflow channels. 59  300  123  0Á76  0Á54  192V  0Á96  2030  64  326  117  0Á71  0Á52  124V  0Á97  760  69  412  128  0Á57  0Á51  176V  0Á94  260 Note: R 2 is for linear regression describing P; the regression equation for P is valid for the apparent airflow velocity V of 50Á002 m s À1 ; average compost diameter D p is 2Á4 mm.
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